Abstract: Livestock production is a key income source in eastern Africa, and 80% of 22 the total agricultural land is used for livestock herding. Hence, ecological and 23 socio-economically sustainable rangeland management is crucial. Our study aimed at 24 selecting operational economic, environmental and social sustainability indicators for three 25 main pastoral (P), agro-pastoral (AP), and landless intensive (LI) small scale livestock 26 production systems for use in sustainability assessment in Ethiopia. Quantitative and 27 qualitative data were collected through grey literature and semi-structured interviews, 28 assessing livestock and feed resources, production technology, land tenure, financial and 29 gender issues. Our results suggested that feed shortages (FS) are directly related to grazing 30 pressure (G) and inversely related to grass recovery rates (R). According to our indicators, 31 AP was the most sustainable while P and LI were only conditionally sustainable production 32 systems. 93% of 82 interviewees claimed that private land ownership was the best land 33 tenure incentive for efficient rangeland management. Farmers perceived Prosopis juliflora 34 expansion, sporadic rainfall, and disease infestation as the most significant causes for 35 decreasing livestock productivity. Landless intensive farmers had the highest equality in 36 income distribution (Gini Index: GI = 0.4), followed by P and AP (each with a GI = 0.5). 37
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However, using sustainability indicators can help identify trends in agriculture [31] and point out 116 shortcomings in knowledge and data collection. The most useful indicators are those that display high 117 sensitivity to a particular and perhaps subtle stress, thereby serving as an early indicator of reduced 118 system integrity; other indicators may respond to major changes in the system. With such sensitive 119 indicators, up and down trends are more easily captured, which makes it possible to propose remedy 120 actions early [35] . 121 The lack of a standardized set of operational indicators for determining the sustainability of 122 livestock farming systems [36] prompted us to select a cluster of indicators that are suitable to assess 123 the sustainability of the three livestock production systems. We selected indicators within the 124 environmental, economic and social dimensions that were operational and measurable, sensitive to a 125 wide range of conditions, changing over time and easy to understand [24] ; the selected indicators have 126 been shown to be relevant to the functioning of different livestock farming systems and directly 127 responsible for their stability with respect to productivity, reliability, gender equality, resilience and 128 autonomy [37] [38] [39] . While the indicators could not completely cover farm system externalities [31], 129 meaning they were only partial, they were however deemed to be useful in highlighting areas of most 130 desired interventions for future sustainable livestock production trends. 131
These indicators were then used to assess the sustainability of the respective livestock farming 132 systems. Additionally, we also investigated 133 (i) the relationship between rainfall and the growth of livestock numbers 134
(ii) land tenure and grazing field management 135 in a supplementary effort to explain how some of these indicators are related to farm system processes. 136 We expected agro-pastoralists to enjoy the highest levels of social and economic welfare as their 137 various crop and livestock resources can withstand adverse environmental, economic and social 138 conditions. However, this land use system was also expected to engage in pesticide use, thereby 139 affecting environmental stability. Our study was conducted in north-eastern Ethiopia, where all three 140 livestock production systems were present. 141
Materials and Methods 142

Study Site 143
Amibara district is located in the Afar region, northeastern Ethiopia comprising about 2,000 km Amibara district, 44% were urban dwellers [40] , most of which were not keeping livestock. From the 156 remaining 56% we randomly selected 82 respondents that could be categorized into the three livestock 157 production systems classified by [44] ; hence, we randomly selected thirty, thirty-one and twenty-one 158 households out of the agro-pastoral (AP), pastoral (P) and landless intensive (LI) systems, respectively, 159 that covered most of the characteristics of small scale farmers according to [44] . Selection was done at 160 the level of "Kebales" (lowest administrative unit in Ethiopia); of which some were purely pastoral, 161 others agro-pastoral and the Melka-Werer and Awash Arba peri-urban areas provided the sample of 162 landless intensive livestock farmers. phases within the year were also noted. Each household in our sample provided data on the number of 262 livestock of different species owned such that we could as such estimate her annual forage 263 requirements and that of the farming system referencing from the amount agreed during group 264 interviews to be consumed·livestock
at optimum availability conditions (wet season). 265
Group interviews reported satisfactory forage availability and consumption during the wet season 266 while shortages were explained to be possible only in the dry season or during draught. Our forage 267 shortages were measured on annual basis for the total number of farmers in our sample per system 268 beginning at the household level. We could not measure per farm because all livestock grazed 269 principally on communal land with no farm enclosures and minimal private ownership of land. Thus 270 for each household, our formula for estimated feed shortage (FS) in kg·yr
was: 271
where F w = estimated kg of forage consumed by livestock·farmer , G = Grazing pressure and R = Grass recovery 274
The model suggests that the higher the grazing pressure (stocking rates) G, relative to the grass 275 recovery rate R (dependent on rainfall), the higher the feed shortages on rangelands. FS is directly 276 related to G and inversely related to R. 277
We assumed G/R = 1; while recent studies suggest that most arid and semi-arid rangeland systems 278 encompass elements of both equilibrium and non-equilibrium at different scales [55] in our study. This 279 is because livestock farmers agreed and had practiced some form of rangeland management though 280 weak and ungoverned in which they responded to drought by reducing grazing pressure (by 281 migration to different areas, reliance on manufactured feed or cut and carry) so that the combined 282 pressure of drought and grazing varies as little as possible, the balance of these combined pressures 283 with the succession tendency is maintained, and the position of the vegetation on the condition scale 284 is stabilized [54] . 285 We asked farmers in group interviews to explain their forage availability satisfaction levels from 286 which we were able to stage a reference value for an annual optimum forage consumption/availability 287 (Fo) to represent the full sustainability (upper threshold with score S = 90%); a hypothetical situation 288 from which we were able to calibrate levels of sustainability attained based on realistic conditions. The 289 actual forage consumed·yr −1
(Fa) was then referenced against Fo.
290
Biodiversity conservation was measured to reflect patterns of potential overgrazing, which occurs if 291 the ratio of livestock forage demand: supply > 1 [56] . Group interviews including elderly pastoralist 292 and agro pastoralist farmers with some over the ages of seventy who were born into livestock herding, 293
living it as their way of life and key informants noted that many grazing plant species have disappeared 294 on the rangelands between 1986 and 2011. Hence, in group interviews, the number of grazing plant 295 species existing in 1986 was agreed to represent high biodiversity on rangelands (allocated a score of 296 90%) and this number was then compared to the species available in 2011 to reach current biodiversity 297 sustainability values. Our data was not based on actual field observations but on group interviews 298 guided by expert farmers and experienced native researchers from the Ethiopian Institute of 299
Agricultural Research (Melka-Werer branch). This measurement was undermined by the fact that we 300 were unable to measure the frequency of different grazing species across the years on rangelands as we 301 did not do actual field studies but our results gave us an overview of the frequency of disappearance 302 per species from the rangelands over a 25 year period (1986-2011) which we claim was meaningful. 303
Our data was estimated from three group interviews of P, AP and LI and then aggregated such that the 304 number of observations of each species for 2011 and 1986 ranged from 0 to 3 from which the mean 305 (x), standard error and standard deviations (SD) of the species reported across systems was derived. 306
Health impact from pesticides. The amount of insecticides (pesticides) and other chemical 307 components can severely impact ground water and, thus, lead to extensive environmental problems and 308 health risks [57] . The term pesticide applies to both crops and livestock and here it refers to "any 309 substance or mixture of substances intended for preventing, destroying or controlling any pest, 310 including vectors of human or animal disease, unwanted species of plant or animals causing harm 311 during or otherwise interfering with the production, processing, storage transport, or marketing of 312 food, agricultural commodities, wood and wood products or animal foodstuffs, or which may be 313 administered to animals for the control of insects, arachnids or other pests in or on their bodies" [58] 314
The bearable threshold for an estimated maximum pesticide amount used (liters·household
) that 315 poses insignificant or no side effects was determined through group interviews and key informant 316 surveys engaging local experienced researchers and further allocated a score of 90%. This represented 317 the agreed maximum quantity to be used to obtain sustainability. Livestock of P households were 318 treated against external and internal parasites, with about 0.02 L pesticides·animal The economic indicators included a measure of farm productivity (net income earned), input 328 self-sufficiency, savings and investments per household. 329
Gross farm income was calculated as income earned from all produce·household
in Ethiopian 330
Birr [59] . Group interviews estimated the recommended minimum income, which was needed 331 (ETB·household
) in order to live a healthy life, which then represented a sustainability score of 332 90%. Recommended minimum net income as agreed during P group discussions was 36,000 ETB, 333 20,700 ETB for AP, and 25,000 ETB for LI systems, all representing the upper sustainability threshold 334 (S = 90%). 335
Input self-sufficiency described the availability and affordability of basic inputs such as pesticides 336 and fertilizers essential for the survival and continuance of all farming systems. "Self Sufficient 337
Agriculture" and low external-input technology (LEIT) can improve farm productivity and innovation 338 in small-scale agriculture through a better use of local resources [57] . Therefore, when local input use 339 was higher than external input use, the system was defined as more sustainable and vice versa. 340
Through group interviews, farmers agreed on the minimum percentage of farm inputs that must be 341 local for sustainability to be guaranteed and a score of 90% was allocated to this minimum. For this 342 indicator we assumed that internal inputs, such as organic manure, are used to an extent that prevents 343 nutrient mining. Data was then collected based on the amount invested into local, imported and total 344 inputs (in ETB); if the ratio local: total inputs ≥ 1, the input self-sufficiency was sustainable and vice 345 versa. The value of local inputs was then expressed as a percentage of the total inputs to determine the 346 sustainability score. For Ps APs and LIs, group discussions identified a high sustainability score 347 (S = 90%) to be reached when a minimum of 95%, 80% and 90% of their inputs were local, 348 respectively, agreeing with the value range also adopted by [ control, education and training, and representation in community cooperative. A male: female ratio 382 of 1, 1.1-2, and >2.1 earned a sustainability score of 90%, 60%, and 30%, respectively. Our assigned 383 percentage scores to respective GE ratios above were based on the underlying argument that where 384 men and women participate equally in control of farm land and all production resources the system 385 becomes more productive and efficient as argued by 68 in which case the GE ratio will be 1 justifying 386 our upper sustainability threshold of 90%. The higher this ratio, the lesser the GE involved and as such 387 the lower the sustainability score. Women and male participants in group discussions and individual 388 participatory interviews were noted in order to ascertain the GE polarity and biases that may arise in 389 data collection 390
Equality in food distribution and consumption. Increasingly, it is recognized that a secure food 391 supply must be accessible to all members of a society and women's participation in food security is 392 essential for a sustainable food production system [69] . Group discussions provided recommended 393 three meals per day, which represented the highest sustainability score (90% 
Results 430
Different Livestock Farming Systems 431
The livestock production systems differed in land use (Figure 2 with corresponding rainfall bars all against the five year period (Figure 4) . As such the number of 483 observations for each rainfall year was a sum of the number of livestock per species for the various 484 households n per system where n = 31, 30 and 21 for the AP, P and LI systems respectively. 485
The lowest mean livestock numbers per specie were for the camels and donkeys with the LI 486 having the lowest mean for all species followed by AP while P dominated the mean numbers for 487 almost all livestock species. The standard error also indicated big differences in household herd 488 sizes across all systems and species ( Figure 5 ). 489 
Sustainability Indicators 494
The total average environmental, economic and social sustainability scores for P, AP and LI 495 livestock production systems differed only slightly while differences were more strongly visible across 496 and within dimensions (Table 2) . 497 
Environmental Sustainability 502
Water availability. The annual rainfall for the years that P, AP, and LI households claimed a 503 sufficient water supply was 636 mm, 657 mm, and 592 mm, respectively (=upper sustainability 504 threshold of S = 90%). The annual rainfall recorded in the Amibara district from 2007 to 2011 was 505 563 mm, i.e., sustainability scores for P, AP, and LI were S = 79%, 77%, and 85%, respectively, 506 indicating that enough water was available to all systems (=S). 507
Forage availability. Pastoralists had the highest annual feed shortage of 20,675 t, while AP and LI 508 had 7,687 t and 4,847 t, respectively, according to Equation (1) . Pastoralists had the highest estimated 509 annual forage requirements (F o ) with 57,409 t followed by AP with 45,400 t and LI with 15,174 t. 510
Pastoralist annual livestock forage consumption (Fa) was estimated at 41,733 t followed by AP with 511 37,712 t and LI with 10,326 t. Based on these values the forage availability sustainability scores for P, 512 AP and LI were 65%, 75% and 61%, respectively. 513
Biodiversity conservation. In 2011, around 60% of all grass species found in 1986 were reported to 514 be missing at all livestock farming systems (Table 3 ). According to P households, 63% of the 16 515 grazing plant species that were listed during the group interviews had disappeared from the pastoral 516 lands compared to 25 years ago (N = 90% − 63% = 27%). Grass species losses in AP amounted to 517 58% between 1986 and 2011 (C= 90% − 58% = 32%) whereas for the LI system, 57% of the 14 518 grazing plant species present in 1986 were absent in 2011 (C = 90% − 57% = 33%). The standard 519 deviation for the number of grazing plant species present on rangelands as identified by the AP, P and 520 LI farmers (per system) was 1.52 for 1986 and 0.57 for 2011 with respective means of 15.66 and 521 6.33 respectively. 522 
Health impact from pesticide use: A variety of insecticides (insecticides are one type of pesticides) 527 were used both by Ps, APs and LIs households (Table 4) . However there was no 528 Scientific benchmark for their application beyond the experiences of farmers and local researchers. 532
Pastoral households used an average of 0.02 L·animal
which is less than the 0.16 L they 533 recommended, thereby earning a sustainability score of S = 90%. Meanwhile the average quantity used 534 by each AP household was 16 L, i.e., 60% more than the recommended value. Hence, the 535 sustainability score for AP was N = 17%. The average quantity used by each LI household was 7 L, 536
i.e., 30% less than the recommended quantity, leading to a sustainability score of S = 90%. 537 538
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Economic Sustainability 539
Gross farm income. The sustainability scores for P, AP and LI as per farm income earned·yr −1 540 against recommended income levels was 27%, 90% and 50% respectively (Table 5) . 541 Input self-sufficiency. The ratio of local: imported inputs for P were 25; hence, the system was 545 highly sustainable (S = 90%) as with [51] . For AP, the local: imported input ratio was 3.2, thus the 546 76% local input earned a sustainability score of S = 85%. For LI, the local: imported ratio was 4, 547 leading to an input self-sufficiency of S = 77%. 548
Investment and savings. The sustainability scores for investment and savings were calculated 549 independently and the averages led to the following scores for investment and savings; 45% (C), 68% 550 (S) and 22% (N) for P, AP and LI respectively (Table 6 ). 551 Table 7a for the land tenure 565 sustainability scores for the P, AP and LI systems. 566
Gender equality. In all three systems, females were underrepresented at all categories (2% or 6.67% 567 of P and 1% or 3.2% of AP was female), except for farm labor, where ratios were close to unity 568 (0.9-1.2; Table 7b ). Particularly in education and training, only four women participated in all three 569 systems (Table 7b ). The best but still only conditionally sustainable score was reached in the LI 570 systems where proportionally more (5% or 23%) women participated in resource control, 571 community/cooperative representation, and educational training compared to the other systems. 572
Participation was at the level of group and individual interviews. 573 Income equality. Income distributions for Ps, APs and LIs were conditionally sustainable as seen by 578 the Lorenz Curve (Figure 6 ). The Gini Index provided sustainability indices for P, AP and LI were 579 calculated as 40%, 42% and 49% (=C), respectively. 580
Food distribution and consumption. The average number of meals·day shows the income equality as measured using the Gini Index. Dotted line (landless 586 intensive), black line (agro-pastoralist), dashed line (pastoralist) livestock production 587 system and grey line (equality line). 588 589
Farmers' Perceptions on Land Tenure versus Land Use Management 590
See Table 8 for land tenure perceptions. 591 Further, 77%, 83%, and 66% of the livestock farmers interviewed in P, AP and LI systems, 594 respectively, experienced a decreasing herd size from 2007 to 2011 while 23%, 17%, and 33%, 595 respectively, reported an increasing livestock trend. Farmers´ experiences as to why livestock herd 596 sizes were increasing or falling were classified into the environmental, economic and social reasons. 597
Farmer's experiences as to why livestock number trends were rising or falling were classified into the 598 environmental, economic and social reasons: 599
Environmental Reasons 600
For all systems, the highest proportion of farmers (71%) claimed that the expansion of Prosopis 601 juliflora due to overgrazing was the major cause for declining grazing plant species and, thus, 602 livestock productivity (Figure 7a ). Sporadic rainfall and recurrent draughts were other major reasons 603 for declining livestock productivity while attack by wild animals was a minor cause. Disease 604 infestation, drought and feed shortages were also claimed to be major causes of decreasing 605 productivity (Figure 7a) . 606
Economic Reasons 607
Livestock farmers in all three systems regarded the lack of investment capital as a major cause for 608 decreasing herd sizes (Figure 7b ). Twenty seven percent (27%) of AP farmers who did most of the 609 selling of farm products compared to the other two systems perceived exploitation by middle men as a 610 major reason while 25% of APs thought that the lack of available land and infrastructure accounted for 611 declining livestock productivity. About 25% of Ps reported a lack of market demand while this did not 612 seem as important to AP (15%) and LI (3%; Figure 7b ). 613 Conflict over communal pasture was claimed to be the principal cause of declining herd sizes by 620 over 60% of AP and P and 26% of the LI households (Figure 7c ). Gender inequality was not an issue 621 according to most albeit mainly male respondents only (three females were included). 26%, 38% and 622 10% of P, AP and LI farmers, respectively, complained that inequality in livestock feeding 623 opportunities might undermine chances to actively contribute to sustainable livestock production. 624
Further, over 26% of AP and P and 33% of LI farmers claimed unequal income opportunities and 625 tenure insecurity to be the reason for livestock productivity decline (Figure 7c ). 626
Educational Background and Income of Farmers 627
Our ANOVA results (based on the data in 
Discussion 637
As proposed by [76] , in interpreting sustainability, we consider a relative value, that is, a system is 638 sustainable up to a certain degree over a certain period and not an absolute value as was the case with 639 our study. Seasonal, decade and generational time assessments would make the sustainability 640 assessment more solid, as time is a crucial factor with resource use. 641
Missing or insufficient land tenure policies were blamed for discouraging investment in sustainable 642 rangeland management, also found by [52] . The fact that all farmers from the three systems relied 643 extensively on communal lands accounted for their consensus in experiences over land tenure and 644 sustainability reference motivations per tenure regime, was partly our claim. However privatization of 645 all land to improve efficiency in rangeland management as envisaged by most respondents may fail to 646 resolve equity issues, including the rights of historically disadvantaged groups such as women, herders 647 and indigenous populations [77] in which case a broader range of measures can achieve increased 648 Livestock were predominantly used as a source of food and income. Cultural issues and community 652 perceptions, which would differ from one community to another and across systems, played an 653 important role in our analyses. For example, our P interviews showed that no annual cash savings were 654 necessary for their farm system to be economically sustainable while AP and LI agreed on a 655 minimum of 15,000 ETB and 20,000 ETB, respectively, for annual savings as a positive indicator 656 of sustainability. 657
Our selected sustainability indicators seemed well suitable for our agro-ecological zone and culture 658 because they were measurable and where answers were sought from farmers, their cultural values were 659 not bridged. Gender equality for example was a suitable indicator as we observed male dominion over 660 household farm resources in all households with farmers willing to discuss the pros and cons of this 661 domination. It was important to take track record of how this was changing over time. Rainfall as a 662 measure of water availability was suitable for this agro ecological zone where almost all water supplies 663 depended directly on rainfall. Despite a wide array of possible indicators, ours were based on data 664 availability, duration of study and feasibility of data assessment within this study. 665
The purpose and interpretation of sustainability, based on our indicators, depends on its spatial and 666 temporal time dimension [79] , as for example dry and wet years would provide different sustainability 667 results across the livestock production systems. However, reliance on rainfall as a principal measure of 668 water availability in our study would be less meaningful if farmers are able to display a manifold of 669 technological capacity, have the resources and understand ways to benefit from other water sources 670 beyond direct dependence on rainfall, which unfortunately was not the case. As such although it 671 remains unproven that humid areas are water sustainable for livestock farming while arid and sub 672 humid areas are unsustainable, we must bear in mind that sub humid and arid areas enjoy sufficient 673 degrees of rainfall at some periods of the year which may account for fluctuating sustainability trends 674 while in humid areas, floods, type of farming system, stocking rates and water management techniques 675 may undermine reliance on water availability as a sustainability indicator. Further, various assessment 676 criteria might be inter-related such as household income and land tenure [68] . However, we use these 677 indicators for relative assessment across the different livestock production systems, acknowledging 678 that not all scientific disciplines and interactions will be fully covered by our indicators. Some pivotal 679 indicators such as soil fertility and nutrient cycles have to be intertwined in the assessment in future, 680 necessitating a more inter-disciplinary approach to sustainability assessment, which is becoming 681 increasingly important [80] . Longer time scales to monitor farm systems and environmental 682 consequences are essential but seasonal and short term year to year variations are also necessary [79] . 683
For some indicators, it was difficult to agree on a unit; for example, the pesticide use was assessed 684 in L·household for the AP and LI systems while P measured their usage in cc·animal 
